The largest family of transcription factors in mammals is of Cys 2 His 2 zinc finger-proteins, each with an NH 2 -terminal KRAB motif. Extensive expansions of this family have occurred in separate mammalian lineages, with approximately 400 such genes known in the human genome. Despite their widespread occurrence, the evolutionary provenance of the KRAB motif is unclear since previously it has not been found outside of the tetrapod vertebrates. Here, we show that homologues of the histone methyltransferase Meisetz are present within the sea urchin (Strongylocentrotus purpuratus) genome. Sea urchin and mammalian Meisetz sequences each contain an N-terminal KRAB motif which thereby establishes an early origin of the KRAB motif prior to the divergence of echinoderm and chordate lineages. Finally, we present evidence that KRAB motifs derive from a novel family of KRI (KRAB Interior) motifs that were present in the last common ancestor of animals, plants and fungi.
INTRODUCTION
Krüppel-associated box (KRAB) motif-and krüppel Cys 2 His 2 zinc finger-encoding transcription factors present three enduring mysteries. The first of these is the molecular basis to their unprecedented family expansions in mammalian genomes. KRAB motifs are encoded in approximately 300-400 genes in either the human or mouse genomes (Huntley, et al. 2006 ). Many of these arose either in the human or in the mouse lineage by gene duplication in the last ~ 80 million years, with dispersal to many distinct chromosomes ( (Faisst, et al. 1992 , Rousseau-Merck, et al. 2002 , Urrutia 2003 , Huntley, et al. 2006 ) and references therein). As the vast majority of these genes are of unknown function, it is unclear what selective processes governed these gene family expansions.
The second mystery is the rapid evolution of mammalian KRAB motifs. Among all known families of domains or motifs, KRAB motifs appear, on average, to have evolved the fastest (Waterston, et al. 2002) . Currently, it is unknown whether such divergent evolution results from reductions in selective constraints or from adaptive evolution.
The final mystery is the evolutionary provenance of the KRAB motif itself. Despite the large numbers of this motif encoded in mammalian genomes (Bellefroid, et al. 1991 , Huntley, et al. 2006 , strangely it has only been found in proteins from tetrapod vertebrates (Looman, et al. 2002 , Urrutia 2003 . KRAB motifs appear to be absent from more divergent vertebrates such as fish, from nonvertebrate eukaryotes, and from prokaryotes (Lander, et al. 2001) . Extant domain families, such as that of KRAB, are not thought to have emerged recently from non-coding DNA (Ponting, et al. 2002) . Rather, it is predicted that essentially all protein families * To whom correspondence should be addressed.
arose from duplication of pre-existing coding sequence, which often diverges sufficiently rapidly to render imperceptible residual similarities in sequence (Copley, et al. 2003) .
Within KRAB-Cys 2 His 2 transcription factors, KRAB motifs are thought to mediate protein-protein interactions (Bellefroid, et al. 1991 , Urrutia 2003 whereas the Cys 2 His 2 zinc fingers bind the major groove of B-DNA by packing their single α-helices against three-base pair subsites (Pavletich, et al. 1991) . Typically, these factors' KRAB motifs are divisible into two. All KRAB-containing genes contain the KRAB A motif which appears often to mediate a transcription repression function (Margolin, et al. 1994) . KRAB A may occur alone, but commonly it is accompanied by an additional KRAB B modulatory motif (Huntley, et al. 2006) . KRAB A and B motifs are each encoded by separate exons and these are invariably positioned N-terminal to tandem arrays of Cys 2 His 2 zinc fingers, often all encoded within a single exon (Miller, et al. 1985 , Shannon, et al. 1998 . The exception to this KRAB-Cys 2 His 2 zinc finger domain architecture is the family of SSX (Synovial sarcoma, X breakpoint) proteins which possess an N-terminal and sequencedivergent KRAB motif unaccompanied by zinc fingers (Lim, et al. 1998 ).
Recently, a putative transcription factor gene named Meisetz was characterised, which appears to possess a role in the progression of early meiotic prophase. Meisetz -/-mice are sterile and exhibit deficits in meiosis (Hayashi, et al. 2005) . The Meisetz protein contains both a central SET (Suvar3-9, Enhancer-of-zeste, Trithorax) domain, which catalyses the trimethylation of lysine 4 in histone H3, and a C-terminal array of tandem Cys 2 His 2 zinc fingers all encoded in a single exon.
Our interest in Meisetz arose initially from an observation that it contains a hitherto unrecognised N-terminal KRAB motif, similar to those of SSX proteins. Subsequently, we realised that Meisetz is not specific to mammals since the purple sea urchin (Strongylocentrotus purpuratus) possesses Meisetz orthologues. Furthermore, single N-terminal KRAB domains are apparent within these sequences, and similar homologues from amphioxus (Branchiostoma floridae), and from sea squirts (Ciona intestinalis and Ciona savignyi). This pushes back the origins of this enigmatic domain to at least the common deuterostome ancestor of vertebrates and echinoderms. Eventually, by exploiting the divergence of these early-branching KRAB motifs, we obtained evidence for the common ancestry of the KRAB A motif with a novel KRI (KRAB Interior) motif present in molecules from among the crown group of eukaryotes, the fungi, plants and animals. KRI occurs within proteins possessing chromatin-related functions, and also alongside other domains predicted to be involved in transcriptional regulation. The cellular function of 
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KRAB may thus have been inherited from its pre-existing KRI ancestor.
RESULTS AND DISCUSSION

Meisetz contains an N-terminal KRAB motif
Mouse (Mus musculus) Meisetz, and its mammalian orthologues, were each found to possess an N-terminal KRAB motif. Searches of the SMART database (Ponting, et al. 1999 ) and the Conserved Domain Database (Marchler-Bauer, et al. 2004 ) revealed significant similarities (E = 5.5x10 -8 and 1x10 -9 , respectively) to known KRAB motifs. In addition, using a hidden Markov model of the putative KRAB motif from seven vertebrate and non-vertebrate chordates (see below), Meisetz KRAB motifs were found to be substantially more similar to those in mammalian SSX proteins (7x10 -17 < E < 4.5x10 -3 ) than those in KRAB-Cys 2 His 2 zinc finger proteins (E > 0.14), in a search of all known protein sequences (Figure 1 ).
MEISETZ homologues outside of mammals
Unexpectedly, we found evidence for Meisetz homologues in three diverse non-vertebrate chordates (Delsuc, et al. 2006) , an echinoderm, a cephalochordate and a tunicate. Each of these homologues contains a single N-terminal KRAB motif, which represent the first recorded members of this family from outside of tetrapod vertebrates.
First, by comparing mouse Meisetz with current protein sequences using BLASTP (Altschul, et al. 1997 ), we identified a Meisetz homologue (XP_799022.1; E = 7 x 10 -47 ) from an echinoderm, the California purple sea urchin (Strongylocentrotus purpuratus). Indeed, further investigation of the draft sea urchin genome revealed a total of three complete, and also three incomplete, sequence-similar Meisetz homologues. Given the increased levels of heterozygosity of the sea urchin genome sequenced, some of the multiple Meisetz homologues in the assembly may instead represent allelic variants. A Meisetz-like KRAB motif was then found in expressed sequence tags (ESTs) from amphioxus (Branchiostoma floridae, GenBank accessions BW709598 and BW709302). Finally, a divergent Meisetz homologue was also apparent in the genome assembly of a tunicate, Ciona intestinalis, whose predicted amino acid sequence is significantly similar to a human Meisetz orthologue, PRDM9 (E = 7 x 10 -8 ), including within its KRAB motif.
Next, using BLASTP (Altschul, et al. 1997) , we detected a Meisetz-like gene encoding SET and 14 C-terminal Cys 2 His 2 zinc fingers in zebrafish (Danio rerio; RefSeq NP_957196.1). This gene's orthologues in two pufferfish (Tetraodon nigroviridis and Takifugu rubripes) genomes, and in ESTs from the minnow (Pimephales promela), were then also identified using BLAT (Kent 2002) and TBLASTn, respectively. A KRAB motif was apparent neither from the zebrafish cDNA, nor from three minnow ESTs in their short regions up to the 5′-most in-frame stop codon, nor from orthologous pufferfish gene predictions, and nor from upstream genomic sequence.
Phylogenetic analysis of these sequences' SET domains (Supplementary Figure 1) indicates that the mammalian, fish and sea urchin Meisetz genes are orthologous, whereas the sea squirt homologues may have acquired the KRAB-SET-Cys 2 His 2 zinc fingers' domain architecture of Meisetz independently. We were unable to identify Meisetz homologues in the chicken (Gallus gallus) or frog (Xenopus tropicalis) genomes, which are the only genomes from outside the mammals previously known to encode KRAB motifs.
The S. purpuratus Meisetz homologues possess domain architectures equivalent to those of mammals and thus they each possess a KRAB motif. For example, using HMMER (Eddy 1998) we find that a sea urchin Meisetz sequence (XP_799022.1) is significantly similar (E = 8 x10 -3 ) to an alignment of known KRAB motif sequences (Marchler-Bauer, et al. 2004) . S. purpuratus, Ciona intestinalis and mammalian Meisetz genes were also found to share equivalent exon boundaries about their KRAB motifs.
We conclude that Meisetz originated prior to the last common deuterostome ancestor of chordates and echinoderms at least 520 million years ago (MYA) (Blair, et al. 2005) . Moreover, as sea urchin Meisetz genes encode KRAB motifs we have pushed back the origins of KRAB motifs from 370 MYA (the last common ancestor of frogs and mammals (Blair, et al. 2005) ) by over 150 MY. As no other, more distantly-related, KRAB motifs are recognisable, using exhaustive BLAST (Altschul, et al. 1997) and HMMER (Eddy 1998 ) searches, within current invertebrate (including sea urchin) protein sequences, the Meisetz KRAB motif is thus a good candidate for being the progenitor motif from which all other KRAB family members were derived.
The antiquity of the KRAB motif is consistent with the phyletic distribution of KAP1 (also called Krip-1 or TIF1β) orthologues (Friedman, et al. 1996) , to which, in mammalian proteins, it binds (with the notable exception of these motifs in SSX proteins (Lim, et al. 1998) ). However, despite the apparent absence of KRAB motifs in arthropods, a single orthologue of the three TIF1α/TIF1β/TIF1γ molecules is found in the fruitfly, where, as in mammals, it possesses a role in chromatin-mediated transcriptional repression (Beckstead, et al. 2001 ).
KRI-A KRAB progenitor
Our unexpected observation of KRAB motifs in invertebrate chordate proteins prompted an investigation seeking to identify KRAB motif homologues from earlier-branching, non-metazoan eukaryotes such as plants and fungi. Indeed, significant sequence similarity (E = 2 x10 -4 , fourth iteration) was detected between the N-terminal region of S. cerevisiae YDL156W, a nuclear protein (Huh, et al. 2003) , and the KRAB motif region of sea urchin Meisetz. This search used PSI-BLAST (Altschul, et al. 1997) and an E-value inclusion threshold of E < 2x10 -3 in a comparison of the first 180 amino acids of the S. cerevisiae protein with the NCBI's non-redundant protein sequence database (nr). This search was suggested because of an initial, albeit non-significant, similarity found between the Saccharomyces kluyveri YDL156W gene (contig AACE02000536.1; nucleotides 725-973) and the N-terminal 1-183 amino acids of sea urchin Meisetz (TBlastN search: 38.5 bits; E = 0.47).
Furthermore, 25 additional putative homologues (E < 0.1) of this motif were collated in three iterations of database searches using a hidden Markov model constructed (Eddy 1998 ) from a multiple alignment of 13 fungal YDL156W orthologues. A further 10 putative homologues were then identified by searching nr with S. cerevisiae YDL156W (amino acids 1-90) using PSI-BLAST in ungapped mode (options -G 32767 -E 32767 -h 0.005) in 13 iterations. The extent of the motif was defined on the basis that it encompassed the most N-and C-terminal amino acids of Yarrowia lipolytica YDL156W and Cryptococcus neoformans CNBA3050 (GenInfo identifiers [gi] 50556624 and 50261008), respectively.
These sequences were then found to be significantly similar to KRAB motifs using two methods that compare amino acid alignments. When an alignment of these 35 YDL156W-like motifs was compared with an alignment of 8 KRAB motifs from Meisetzand SSX-like proteins using COMPASS (Sadreyev, et al. 2003) , a highly significant E-value of 2.9x10 -10 was obtained. Similarly, comparison of YDL156W-like and Meisetz-like KRAB motif alignments, using LAMA (Pietrokovski 1996 ) generated a highlysignificant Z-score of 10.1. In a random simulation involving 7 million block pair comparisons no alignments yielded Z-scores greater than 8.3 (Pietrokovski 1996) ; hence, the expected number of random block alignments with a Z-score by chance equal to, or greater than, 10.1 is essentially zero. These significant sequence similarities between short regions of fungal YDL156W and animal Meisetz proteins (Figure 1 ) indicate either that they evolved convergently, or they are homologous, they share a common ancestor. Convergence appears less likely given the strong sequence similarities between these two motifs, their common phylogenetic distributions, and the functional similarities between their co-occurring domains (see below). Assuming homology, we term the YDL156W, and similar, sequences KRI or KRAB Interior motifs since they align against the interior of Meisetz KRAB motifs. KRI motifs match the known α-helical regions of KRAB motifs (Figure 1) 
KRI motif function
In the main, the functions of KRI motifs remain obscure. However, in the Myc-interacting protein JPO2 (also known as R1, RAM2 or CDCA7L) the KRI motif is known, from experiments involving short 6 amino acid deletions within the motif, to be important for binding to the DNA transcription factor, c-Myc (Huang, et al. 2005) . Other studies suggest that JPO2 localises to chromatin (Maertens, et al. 2006) , and possesses transcriptional repressor
Figure 2
The five most common domain architectures found in KRI motif-containing proteins (not to scale) drawn using SMART (Schultz, et al. 2000) . The position of the KRI motif is illustrated by a hatched yellow box. Domain architectures of mouse Meisetz and human SSX1 are also shown in comparison (KRAB motifs indicated by solid yellow boxes). The red, blue and pale pink boxes indicate SSXRD motif (Lim, et al. 1998) , Cys 2 His 2 zinc fingers and SET domains, respectively. Bright pink horizontal lines represent regions of low compositional complexity as predicted using SEG (Wootton, et al. 1993) .
for KRI motifs is also suggested from consideration of the architectures of the proteins in which they occur (Figure 2) . KRI motif proteins contain, in addition, at least six other domain types. Of these, members of the CHROMO and WD40 domain families are known to bind lysine-methylated histones (Bannister, et al. 2001 , Wysocka, et al. 2005 ; UIM domains bind ubiquitin, and methylation of lysine 4 histone H3 requires ubiquitylation of histone H2B (Sun, et al. 2002) ; and, RING finger proteins are E3 ubiquitin ligases, some of which promote ubiquitylation of histones H2A and H2B in vitro (Minsky, et al. 2004 ). Just as a KRAB motif typically co-opts other proteins into DNA-associated protein complexes, so might a KRI motif, perhaps via its single predicted α-helix that it shares in common with KRAB motifs.
CONCLUSIONS
Most KRAB domain proteins co-localise with the lysine 9 histone H3 methyltransferase SETDB1 via KAP1 and thus assist in transcriptional repression (Schultz, et al. 2002) . By way of contrast, Meisetz is a lysine 4 histone H3 methyltransferase that appears to be a transcriptional activator of genes that are critical for the progression of meiotic prophase (Hayashi, et al. 2005) . It is thus plausible that the progenitor Meisetz KRAB was involved in transcriptional activation but that this function was subverted by later evolving proteins which exploited the motif for transcription repression purposes.
In summary, we have identified a new family of KRI motifs from which, prior to the split of echinoderms and chordates, the Meisetz KRAB motif arose. This KRAB motif may represent the founder member for the hundreds of KRAB motifs encoded in multiple mammalian genomes. The functions of KRI and Meisetz KRAB motifs will need to be experimentally determined if we are to better appreciate the function and evolution of these important transcriptional regulators. Fig. 1 . A multiple sequence alignment of identified KRI motifs together with KRAB motifs encoded in Meisetz and SSX genes. The span of the KRAB A exon is indicated in red whereas the extent of the KRI motif is indicated by a box. The secondary structure of the KRAB motif consists of two α-helices, which are illustrated by cylinders (see Protein data bank file PDB:1V65 (Berman, (H=α-helix) predicted by Jpred (Cuff, et al. 1998 , Cuff, et al. 2000 . The alignment was presented using CHROMA (Goodstadt, et al. 2001 ) and a 80% consensus. Protein names and species (using two letter abbreviations, see below) are indicated to the left of the alignment, whereas GenInfo Identifier (gi) numbers, when available, are on the right of the alignment. For the three cattle Meisetz gene predictions, chromosome and scaffold numbers are provided. Six Meisetz sequences are apparent from within the sea urchin (Strongylocentrotus purpuratus) genome (obtained from three full length sequences and one partial sequence (labelled Meisetz4) which contains complete KRAB and SET motifs but no Cys 2 His 2 zinc fingers). The Ciona savignyi Meisetz homologue was predicted from two EST sequences, BW589804 and BW534495, which were corrected by comparisons with the current genome assembly. We provide predicted gene sequences in Supplementary Information. Consensus abbreviations (amino acids): a, aromatic (FHWY, blue lettering on a dark yellow background); b, big (EFHIKLMQRWY, blue on light yellow); h, hydrophobic (ACFGHILMTVWY, black on dark yellow); l, aliphatic (ILV, grey on dark yellow); p, polar (CDEHKNQRST, blue on white); s, small (ACDGNPSTV, dark green on white); plus sign, positively charged (HKR, dark blue on white); c, charged (DHKER, pink on white). 
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